Quartz separates were also analyzed for PbPb and Sm-Nd isotope variations, and the data do not indicate significant source differences between the heavy mineral fraction (zircons) and the quartz framework grains. Pb-Pb isochrons and Sm-Nd isotope data for quartz separates reflect mixing of the age groups and approximate relative proportions that are identified from the single zircon results.
INTRODUCTION
Supermature quartz arenites are common in the sedimentary record, particularly in the Proterozoic and lower Paleozoic sections of stable cratons, and usually are composed of >97% quartz and <1% heavy minerals (e.g., Tyler, 1936; Dott et al., 1986) . However, conventional petrographic (e.g., Dickinson and Suczek, 1979; Folk, 1980) and bulk geochemical (e.g., Bhatia and Crook, 1986; Basu et al., 1990) approaches to provenance analysis of supermature quartz arenites generally yield few insights into these homogeneous rocks. The source ages of heavy mineral components, such as zircons, have proven to be an important aspect of provenance studies (e.g., Ross and Parrish, 1991; Zhao et al., 1992; McLennan et al., 1993; Smith and Gehrels, 1994) , but few isotopic studies have focused on the quartz grains.
The stratigraphy and physical sedimentology of lower Paleozoic quartz arenites in the northern midcontinent region of North America have been intensively studied; the provenance and many aspects concerning the depositional history of these extensive cratonic sheet sandstones have been the subject of considerable debate since the early 1900s (Dake, 1921; Dott and Byers, 1981; Dott et al., 1986) . On the basis of directional indicators of sediment transport (Potter and Pryor, 1961; Dott et al., 1986) and the composition of heavy minerals (Tyler, 1936) , it has been suggested that detrital grains that compose the cratonic sandstones in Wisconsin were ultimately derived from Precambrian felsic plutonic rocks that are exposed in the Lake Superior region. Precambrian bedrock of the northern midcontinent region of North America includes rocks that span >2.5 b.y. in age ( Fig. 1 ; e.g., Hoffman, 1989; Sims et al., 1989) , reflecting a diverse range of potential sources for the Paleozoic cratonic sandstones in Wisconsin and Michigan. These sources include the >3.0 Ga southern gneiss terrane of the Superior Province; the ca. 2.7 Ga granitegreenstone terrane of the Superior Province; the ≥2.7 Ga Archean inlier of the Marshfield gneiss terrane in central Wisconsin; the ca. 1.8-1.7 Ga Penokean orogen and postorogenic rocks; the ca. 1.4 Ga anorogenic granites of the Wolf River batholith, eastern granite-rhyolite province, and parts of the Grenville Province; and the ca. 1.1 Ga Keweenawan rocks of the Midcontinent rift system and the majority of the Grenville Province (Fig. 1) .
In this contribution we report the results of a rare earth element (REE), Sm-Nd, Pb-Pb, and UPb isotope study of quartz grains, as well as U-Pb geochronology on single detrital zircons, from two lower Paleozoic supermature quartz sandstone units in south-central Wisconsin (Cambrian Galesville Sandstone and Ordovician St. Peter Sandstone), and one unit in the east-central Michigan basin (Ordovician St. Peter Sandstone) (Figs. 1 and 2). Both zircons and quartz were analyzed in an attempt to address possible differences in the sources of zircons and the primary quartz framework grains. The data highlight the great antiquity of most quartz and heavy minerals in the cratonic quartz arenites, and identify source terranes and possible sediment transport pathways.
GEOLOGIC SETTING
The lower Paleozoic stratigraphy of the North American midcontinent is characterized by 60-90 m.y. (i.e., second order) cycles that consist of a basal quartz arenite and an upper carbonate unit, the former of which was deposited on widespread unconformities. These well-known, intensively studied strata were the basis for the development of the term orthoquartzite-carbonate suite (Pettijohn, 1957) , and the concept of unconformity-bounded lithologic sequences (Sloss, 1963) . These sandstones, which have exceptional compositional and textural maturity, are composed of >97% unstrained, monocrystalline quartz, and there is a distinct paucity of shale. They have a sheet-like geometry, and typically have a thickness of 40-50 m over thousands of square kilometers (Dott et al., 1986) .
Most current sedimentologic models agree that the sheet geometry is largely the result of eolian and fluvial processes that, following extended periods of subaerial erosion, distributed sand across large areas of the craton (Dott et al., 1986) . Nonmarine deposition was followed by reworking and further deposition of sand in a shallow-marine environment. Paleocurrent indicators from the subaerial facies of Cambrian and Ordovician quartz arenites are southwest directed, consistent with inferred deposition in the paleo-trade wind belt. Paleocurrent indicators from the subaqueous facies are consistent with other stratigraphic evidence that the Precambrian craton of the Great Lakes region was a subtle topographic high, and therefore an ultimate source of sediment throughout Paleozoic time (Potter and Pryor, 1961) .
Wisconsin Sandstones
The Cambrian Galesville Sandstone and the Ordovician St. Peter Sandstone in Wisconsin (Fig. 2) are composed of quartz that is medium to coarse grained, well sorted, and well rounded (Dott et al., 1986) . The quartz grains are very poorly cemented, and typically have only incipient quartz overgrowths (<2 µm; Odom et al., 1976) . Our energy-dispersive electron-microprobe analysis of mineral inclusions in 38 quartz grains from these two formations supports the detailed study of Tyler (1936) , who physically separated and counted a statistically significant number of mineral inclusions. Tyler's results from the St. Peter Sandstone indicate that zircon and apatite are dominant (70%-90% of heavy mineral inclusions), and titanite, rutile, ilmenite, garnet, and pyrite are present in most samples. Biotite and hornblende are important inclusions locally, and fluorite and kyanite are rarely present as mineral inclusions in quartz. The predominance of zircon and apatite as inclusions suggests that most of the quartz grains were derived from a terrane that consisted largely of intermediate-to silicic-composition plutonic rocks, whereas the presence of only small quantities of kyanite and garnet inclusions suggests that pelitic metamorphic rocks were a minor component in the ultimate source region(s) (Tyler, 1936) .
The predominance of only the most durable type of quartz (i.e., unstrained, monocrystalline) and composition of the framework heavy minerals in the detrital suites led Tyler (1936) Waterloo Quartzites, are unlikely to be important sand contributors because of the strained nature of the quartz grains and the absence of tourmaline (e.g., Sims et al., 1993) . The Cambrian Jordan Sandstone (Wisconsin) and the Keweenawan Freda Sandstone (Oronto Group, Wisconsin) are also deemed unlikely direct sources because of their relatively high garnet content (Tyler, 1936) .
Michigan Basin Units
The lithology of the St. Peter Sandstone in the Michigan basin is more variable, vertically and laterally, than it is in Wisconsin (e.g., Winter et al., 1995) . Samples for this study were obtained from a depth of ~3600 m in the east-central Michigan basin, just south of Saginaw Bay (Fig. 2) . In this part of the Michigan basin (Fig. 2) , the St. Peter Sandstone is ~200 m thick and is composed of mature quartz arenite that is interstratified with seven carbonate units (1-6 m thick). The sandstone is principally composed of quartz that is medium to coarse grained, well sorted, well rounded, and moderately to tightly cemented by quartz overgrowths (e.g., Graham et al., 1996) . Energydispersive electron-microprobe analyses of mineral inclusions in 21 quartz grains from the Michigan basin identify the presence of zircon, rutile, ilmenite, and apatite. In addition, it is important to note that 9 of the 21 samples analyzed contain relatively large domains (50-200 µm across) of potassium feldspar that are usually present at the edge of the mounted grain, indicating that feldspar occurs as diagenetic overgrowths.
ANALYTICAL TECHNIQUES

Detrital Zircons
We collected ~70 kg of rock from outcrops of the Ordovician St. Peter Sandstone near Madison, Wisconsin, and from the Cambrian Galesville Sandstone in the vicinity of the Wisconsin Dells ( Fig. 2 ; see Table DR-1 1 ) . In addition,~20 kg of the St. Peter Sandstone was obtained from a core drilled in the east-central portion of the Michigan basin ( Fig. 2 ; Table DR-2 [see footnote 1]). Samples were crushed and zircons separated using standard shaker table, heavy liquid, and magnetic techniques. The nonmagnetic zircons were separated into size fractions using disposable nylon screens. After air abrading the largest size fractions with pyrite for 20 hr (Krogh, 1982) , the zircons were cleaned repeatedly in warm ~5 M HNO 3. On the basis of our experience with detrital zircons in Proterozoic quartzites in Wisconsin, these procedures have the greatest likelihood of producing concordant U/Pb analyses (Van Wyck, 1995) . Single zircons were then hand-picked for analysis on the basis of clarity and the absence of cracks and inclusions in an attempt to analyze only those zircons that would give concordant ages. In order to analyze zircons reflecting all of the possible source terranes, the complete range of colors and morphological types was selected from each sample. Nonetheless, it remains possible that our sampling is biased, because only the largest zircons were analyzed in order to ensure sufficient radiogenic lead. Each zircon was cleaned two times with warm ~7 M HNO 3 for ~30 min, followed by rinsing two times with H 2 O. After spiking with a 205 Pb-235 U tracer, each zircon was dissolved with HF in Teflon microcapsules within a Teflon-lined acid-digestion bomb, evaporated to dryness, and then redissolved in HCl (Parrish, 1987) . U and Pb were separated using the methods of Parrish et al. (1987) , and then analyzed on a Micromass Sector 54 mass spectrometer using single-collector analysis and a Daly detector.
Quartz Grains
Samples for U-Pb analysis of quartz were collected from: (1) five different outcrops of the Galesville Sandstone near Lone Rock, Wisconsin, and the Wisconsin Dells (one sample from each locality), (2) six different outcrops of the St. Peter Sandstone in the vicinity of Madison, Wisconsin (nine individual samples), and (3) two cores taken at ~3600 m depth in the east-central Michigan basin (19 individual samples) (Fig. 2) . The sand grains were fully disaggregated in a clean mortar and pestle and then sieved to obtain single, medium sand-sized (300-500 µm) grains. This process produced samples of virtually 100% pure quartz with minimal detrital heavy mineral contamination, because the trace constituents (e.g., feldspar and heavy minerals) in these sandstones are generally <150 µm (e.g., Odom et al., 1976 concentrated HF on a hot plate for ~12 hr. An aliquot of some samples was spiked with a mixed 208 Pb-235 U tracer to determine concentrations. HF dissolution was followed by treatment with hot 6M HCl, to ensure that all inclusions would be dissolved; no solid residue was visible. Pb and U were separated using a small volume of anion exchange resin in HBr and HNO 3 , respectively, then analyzed on a Micromass Sector 54 mass spectrometer using static multicollection.
For REE and Sm-Nd isotope analysis, large samples (~500 mg) of cleaned (as in preceding) quartz from the Galesville Sandstone and St. Peter Sandstone in Wisconsin and Michigan were dissolved in Teflon vials with concentrated HF on a hot plate for ~12 hr. HF dissolution was followed by treatment with hot 6M HCl (see preceding), and no solid residue was observed. The solutions were analyzed for REE contents (by isotope dilution) and Nd isotope ratios. The analytical methods and standard Nd isotope ratios were discussed in detail in Johnson and Thompson (1991) and VanWyck (1995) .
INTERPRETATION OF DATA FOR SINGLE DETRITAL ZIRCONS
Detrital zircon U-Pb isotope data indicate that a variety of sources contributed to the sandstones, ranging from 2.7 to 1.1 Ga in age. The single zircon data provide important constraints for interpreting the Pb-Pb and Sm-Nd data of the bulk quartz samples discussed later.
Wisconsin
Nine zircons that have different colors and morphology from the Cambrian Galesville Sandstone in Wisconsin yield nearly concordant ages of ca. 1050 Ma (n = 4), ca. 1400 Ma (n = 2), ca. 1800 Ma (n = 1), and ca. 2700 Ma (n = 2) (Table 1; Fig. 3 ). Eight of nine zircons representing various populations from the Ordovician St. Peter Sandstone in Wisconsin yield nearly concordant ages of ca. 1050 Ma (n = 2), ca. 1800 Ma (n = 1), and ca. 2700 Ma (n = 6) (Table 1; Fig. 3 ). Uranium contents for the zircons from both of these sandstones are relatively low (~20-140 ppm; Table 1 ), and are within the range measured for zircons from Archean intrusive rocks of the southwestern Superior Province (e.g., Davis and Edwards, 1986; Corfu, 1988) , or the Middle Proterozoic Grenville Province (e.g., McLelland et al., 1993; Owens et al., 1994) . The concordance of most of the analyses indicates that the 207 Pb * / 206 Pb * ages can be interpreted as crystallization ages with a high degree of confidence. Most of the zircons were naturally well rounded and contained few facets. All zircons that had a purple tint are Archean in age, although not all Archean zircons are purple; in general, there is little correlation between the physical character of the zircons and their ages.
The distribution of ages for detrital zircons from the two Wisconsin sandstones is remarkably similar, although ca. 1.4 Ga zircons are not represented in the nine grains analyzed from the St. Peter Sandstone in Wisconsin. Tyler's (1936) interpretation that the St. Peter Sandstone in Wisconsin was derived largely from the erosional re- 208 Pb/ 204 Pb = 37.6 ± 0.5) and U (<9 pg); (2) fractionation of +0.12% ± 0.05% per amu for Pb (based on 14 analyses of NBS-981 on Daly detector) and +0.05% ± 0.04% per amu for U (based on 7 analyses of U500 on Daly detector); (3) Pb contribution from 205 Pb-235 U spike; (4) initial Pb isotope composition from Stacey and Kramers model (1975) , assuming uncertainties of 1.5% for 206 Pb/ 204 Pb, 0.4% for 207 Pb/ 204 Pb, and 2.0% for 206 Pb/ 204 Pb. Uncertainties for isotope ratios reported above are 1σ (SD) in percent; uncertainties for ages are 2σ (SE) in Ma. All data computations were made using the programs of Ludwig (1991a Ludwig ( , 1991b . Locations of sample collection sites are given in Tables DR-1 working of the Galesville Sandstone, based on virtually identical heavy mineral suites, is supported by our results, which indicate similar age distributions of the detrital zircons in the two units. The ages determined for detrital zircons from both Wisconsin sandstones include most all of the ages known for Precambrian basement rocks exposed in the Great Lakes region (Fig. 3) , although there is a marked clustering of ages at 1.1 Ga (typical of volcanic rocks of the Midcontinent rift system and the Grenville Province) and 2.7 Ga (typical of southern Superior granitegreenstone terrane). Zircons of ca. 1800 Ma age are surprisingly rare, given the extensive exposures of Penokean orogenic rocks in central and northern Wisconsin ( Fig. 1 ) and the large abundance of 1.8 Ga detrital zircons in Baraboo interval quartzites (Van Wyck, 1995; Medaris et al., 1996) . Early Archean zircons from the 3.0-3.6 Ga Superior gneiss terranes, as well as older rocks from the nearby Marshfield terrane (2.7->3.2 Ga) are absent from the detrital zircon population (Figs. 1 and 3).
Michigan Basin
All nine zircons analyzed from the St. Peter Sandstone in the Michigan basin are highly discordant (Table 1 ; Fig. 3 , inset), which is in striking contrast to the U-Pb systematics of zircons from this formation in Wisconsin. Many of the zircons from the Michigan basin have markedly higher U contents (all but three have U contents of ~450-2500 ppm) than those from Wisconsin, and the most discordant zircons are generally those that have the highest U contents. The contrast in concordancy in the zircons from Wisconsin and Michigan is not due to analytical procedures, because both suites were analyzed simultaneously, and results of zircon standard analyses were consistent throughout the study ( Table 1 ). Zircons that have comparatively high U contents are found in some highly evolved granitic rocks of the Grenville Province (e.g., Chiarenzelli and McLelland, 1993) . Although highly discordant zircons make it difficult to confidently determine the crystallization ages, regression of six zircons that have 207 Pb * / 206 Pb * ages of ca. 1 Ga, including the two that are reversely discordant, yields an upper intercept of 1104 ± 118 Ma and a lower intercept of 14 ± 24 Ma (MSWD [mean square of weighted deviates] = 8.7). One zircon has a 207 Pb * / 206 Pb * age of ca. 2600 Ma and is 60% discordant (MI-SP5), and is certainly an Archean zircon. We interpret these data to indicate that most of the zircons from the Michigan basin reflect derivation from a ca. 1100 Ma source terrane, which included distinctive high-U zircons.
INTERPRETATION OF DATA FOR DETRITAL QUARTZ GRAINS
The age and sources of quartz grains in sedimentary rocks has been a long-standing problem. In the following we show how U-Pb and Sm-Nd isotope systematics of bulk quartz separates can be explained through sedimentary mixing processes, using the age constraints provided by the detrital zircons.
Results of U-Pb and REE Analyses
As shown by previous studies, natural quartz can contain significant U, Pb, and REE contents (Götze and Lewis, 1994; Hemming et al., 1994) . Lead and U contents of 11 quartz samples analyzed in this study range from 0.10 to 1.1 ppm and 0.065 to 0.26 ppm, respectively (Tables 2  and 3 ). The quartz samples from the Ordovician St. Peter Sandstone (n = 11) and the Cambrian Galesville Sandstone (n = 12) in Wisconsin have similarly radiogenic but variable Pb isotope ratios ( 206 Pb/ 204 Pb = 19.9-35.2 and 21.3-58.9, respectively), whereas quartz from the Michigan basin (n = 21) has relatively nonradiogenic and more restricted Pb isotope ratios ( 206 Pb/ 204 Pb = 16.8-32.3; all but two are between 16.8 and 20.7) (Table 2; Fig. 4 ). The 206 Pb/ 204 Pb ratios for all quartz samples analyzed in this study are less radiogenic than those measured for the Early Proterozoic Pokegama Quartzite (Minnesota) studied by Hemming et al. (1994) , and we interpret this to reflect a larger proportion of nonradiogenic mineral inclusions or overgrowths in the quartz grains studied here. REE contents of the three quartz samples from this study (Nd = 0.7-2.1 ppm; Table 4) overlap those measured for whole-rock samples of the Pokegama Quartzite (Hemming et al., 1994; Fig. 5A ).
Location of U, Pb, and REEs in Quartz Grains
208 Pb/ 204 Pb-206 Pb/ 204 Pb Systematics. Our Pb isotope data and REE patterns for quartz grains are best explained by microinclusions of common accessory and/or heavy minerals such as zircon, titanite, apatite, and monazite. Zircon, titanite, and apatite are the most likely U-and REE-rich accessory (heavy) minerals of those identified by Tyler (1936) Table 1 ). Error ellipses are much smaller than the plotted symbols. Inset shows detail for discordant ca. 1.1 Ga zircons from the Michigan basin. 208 Pb/ 204 Pb = 37.1 ± 0.5) and <25 pg U, which resulted in negligible blank corrections. Mass fractionation correction for Pb was +0.10% ± 0.03% per amu as determined by 14 analyses of NBS-981 on Faraday collectors. Mass fractionation corrections for U were not applied for Faraday analyses, based on eight analyses of the U500 standard, which produced the accepted ratio ( 235 U/ 238 U = 0.9997). In run, 2σ uncertainties were <0.1%, but a minimum 0.2% error was assigned in isochron regression calculations to be conservative. Precise localities of sample collection sites are given in Tables DR-1 and DR-2 (see text footnote 1). Note that separate samples at localities 3, 8, and 13 were used for single zircon analyses (Table 1) . Data for sample SW11068 (Shell Whyte core, Michigan basin), which was used for three-step dissolution experiment, are reported in Table 3 . N.D. = not determined.
*Samples separated on the basis of magnetic susceptibility are indicated: M = magnetic fraction. NM = non-magnetic fraction. The number indicates the tilt angle in degrees. Note: In-run uncertainties are 2σ (in percent). See Table 2 for analytical details. Total values for three-step, sequential dissolution reflect mass-weighted sums of the individual steps. N.D. = not determined. component in the inclusion mineral assemblage (Fig. 4) . It is striking that 208 Pb/ 204 Pb-206 Pb/ 204 Pb variations for quartz from the Cambrian and Ordovician Wisconsin sandstones indicate a relatively consistent proportion of monazite (2%-5% of the accessory mineral population; Fig. 4 Fig. 4) , suggestive of derivation from distinct source terranes. Although monazite was not observed in our electron microprobe analysis, or by Tyler's (1936) petrographic work, the small amounts that are required to explain the Pb isotope data may be missed by these observations. The most likely terranes to contribute monazite are ca. 1.4 Ga anorogenic granites of the Wolf River batholith (e.g., Anderson and Cullers, 1978) , or the evolved, high-alkali granites of the Grenville Province (e.g., McLelland et al., 1993) . REE Systematics. Chondrite-normalized REE patterns of the quartz grains broadly reflect those of potential Archean and Proterozoic source terranes, although REE contents of the quartz are 10-100 times lower than those of bulk igneous rocks from these terranes (Fig. 5A) . The light REE enrichment (Ce N/ Sm N =2.5 to 4.0; N refers to chondrite normalization) and negative Eu anomalies (Eu/Eu*= Eu N /[Sm N *Gd N ] 0.5 = 0.5-0.7) of the quartz grains are consistent with derivation from granitic or rhyolitic rocks, rather than from more mafic (plutonic), quartz-bearing lithologies. The REE patterns are not consistent with zircon being the sole mineral inclusion in the quartz grains, nor with a simple mixture of, e.g., apatite and zircon. Permissible combinations include zircon ± apatite and major contributions from titanite (~50% of the inclusion population) and/or minor contributions from monazite (~5% of the inclusions) (Fig. 5B) , the latter of which is indicated by the 208 Pb/ 204 Pb-206 Pb/ 204 Pb variations (see preceding; Fig. 4) . The absolute REE contents of the quartz grains are well explained by ~1 part in 1000 concentration of accessory (heavy) minerals as microinclusions (Fig. 5B) , which is consistent with the U and Pb abundances of the quartz grains relative to those expected for the accessory minerals. Although garnet inclusions may in part explain the relatively high Th/U ratios required by the 208 Pb/ 204 Pb-206 Pb/ 204 Pb variations (e.g., Mezger et al., 1989) , garnet cannot be a significant inclusion based on the REE patterns, because garnet has extreme enrichments of heavy REEs. The REE patterns also confirm the similarity of the two Wisconsin sandstones (Ce N/ Yb N = 5.2-6.7) in contrast to the St. Peter Sandstone from the Michigan basin (Ce N/ Yb N = 3.5), which further substantiates different sources of quartz for these two geographic regions.
Leaching Experiments. Sequential HFleaching experiments on a Michigan basin sample were undertaken to isolate the radiogenic Pb component in the relatively nonradiogenic bulk quartz separates (Tables 2 and 3 ). The leaching experiments indicate that the Pb isotope compositions of the bulk quartz separates most likely reflect a mixture between high U/Pb (high-µ) accessory mineral inclusions and low-µ inclusions or overgrowths; in the Michigan basin samples, the nonradiogenic component is likely to be Kfeldspar, consistent with petrographic observa- Tables DR-1 and DR-2 (see text footnote 1). REE concentrations in ppm. Uncertainties of isotope ratios are 2σ errors. N.D. = not determined.
*Present-day ε Nd (0) were calculated using 0.512635 for the 143 Nd/ 144 Nd ratio of present-day CHUR, which reflects the averages of eight analyses of the BCR-1 standard during the study (±0.000020 2SD); the Nd isotope composition of the BCR-1 standard has been shown to be equal to that of CHUR (Wasserburg et al., 1981 Table 3 ) of quartz grains from a single Michigan basin quartz sample (SW11068) were subjected to a sequential three-step leaching in warm HF; 14% of the total mass of sample material was dissolved during the first stage of dissolution and 43% of the total mass was dissolved in both the second and third stages (Table 3) . Total (one step) dissolution of three aliquots of SW11068 (A, B, and C in Table 3 ) yielded U and Pb contents ranging from 0.14 to 0.26 ppm and 1.05 to 0.31 ppm, respectively (Table 3) ; reintegration of the U and Pb contents for each leach stage of aliquots D and E yields nearly identical total concentrations (Table 3) . Of the total Pb in quartz samples D and E,~75% is contained in the first leachates (~1.9 ppm; Table 3 ), even though this stage dissolved only 14% of the sample by mass. The second and third stage leachates each contain ~13% of the total Pb (~0.1 ppm, Table 3 ). In summary, the most soluble fractions of the samples have the least radiogenic Pb isotope ratios and highest Pb contents, whereas successive leachates have progressively more radiogenic Pb isotope ratios and lower Pb contents.
tions. Two large (~260 mg) aliquots (D and E,
The leaching experiments suggest that potassium feldspar, which was identified as microovergrowths from energy-dispersive electron microprobe analysis (see preceding), is the likely source of nonradiogenic Pb in the most soluble fraction. Lead in the second-and third-stage leachates was progressively derived from phases that have relatively high-µ values and low Pb contents, such as zircon or other accessory (heavy) minerals that are comparatively resistant to HF dissolution. A high-µ component that has 0.1 ppm Pb is consistent with the proportion of accessory mineral inclusions in quartz that is suggested by the REE data (~1 part in 1000), as well as measured Pb contents of single detrital zircons. Regression of the entire data set yields a well-correlated 206 Pb/ 204 Pb-ppm Pb trend of [Pb] = [20*log( 206 Pb/ 204 Pb)-26.5] -1 ; this correlation will be used in constraining mixing models for the Pb-Pb isochrons for the quartz grains, discussed in the following.
Pb-Pb Isotope Systematics of Quartz Grains
Wisconsin Sandstones. Analyses of quartz (n = 11) from the Ordovician St. Peter Sandstone that is exposed in Wisconsin define a linear array that yields a Pb-Pb age of 2539 ± 140 Ma (MSWD = 62), and 12 analyses of quartz from the Galesville Sandstone in Wisconsin define an identical Pb-Pb age of 2512 ± 140 Ma (MSWD = 324). The similarity in ages supports the interpretation that the Galesville was the source for the St. Peter Sandstone, or that they were derived from similar sources. Regression of the data from both formations together (n = 33) yields a Pb-Pb age of 2519 ± 85 Ma (MSWD = 486), which intersects the average crustal Pb curve (Stacey and Kramers, 1975) at 4 and 2521 Ma (Fig. 6) . The greater scatter about the regression line by the four quartz samples that have the highest 206 Pb/ 204 Pb ratios ( Figure 6 ) does not add significant uncertainty to the Pb-Pb age determination.
Michigan Basin. Analyses of quartz (n = 27) from the St. Peter Sandstone in the Michigan basin define a linear Pb-Pb array that yields an age of 2242 ± 93 Ma (MSWD = 446, Fig. 7) . Elimination of the leachate samples (n = 21) yields a Pb-Pb age of 2396 ± 78 Ma (MSWD = 18). Unlike the data for the Wisconsin samples, the regressed Pb-Pb data for Michigan do not intersect the zero point on the Stacey-Kramers growth curve. Assuming that the first leach compositions closely approximate the initial isotope compositions for the isochron, these compositions are significantly more radiogenic than the Stacey-Kramers curve at 2.2 Ga. Hemming et al. (1994) showed that the Pb isotope composition of quartz grains directly separated from Archean plutonic rocks is sufficiently variable and radiogenic to yield reasonably precise (±100 Ma) Pb-Pb ages that are consistent with crystallization ages determined by more conventional means. Hemming et al. (1994) analyzed quartz grains from three different plutons representing a variety of chemical compositions and different origins (i.e., mantle-vs. crustal-derived), but all from the same major crust-formation interval within the 2.7 Ga Superior Province. Using sample sizes generally between 5 and 40 mg, Hemming et al. (1994) demonstrated that quartz grains from different plutons have different ranges of 206 Pb/ 204 Pb ratios, and together they define a Pb-Pb age of 2632 ± 64 Ma, which is in excellent agreement with the known crystallization ages of these rocks.
Interpreting Quartz Pb-Pb Ages
Well-constrained Pb-Pb isochrons may also be determined on detrital quartz grains that were derived from source terranes of restricted age range. Hemming et al. (1994) showed that clear (igneous) detrital quartz in the Early Proterozoic Pokegama Quartzite (Minnesota) yields a Pb-Pb age of 2647 ± 16, which is identical to that of known igneous source terranes. In addition, separation of milky (vein) quartz produced slightly younger 207 Pb * / 206 Pb * ages of ca. 2.4 Ga (Hemming et al., 1994) , suggesting a different source. However, PbPb isochrons are expected to be more complicated for sandstones having depositional ages that are much younger than those of their source terranes. Unlike the Pokegama Quartzite, zircon data for the Wisconsin and Michigan cratonic sandstones (see preceding) indicate that detrital constituents were derived from multiple igneous terranes, spanning an age range of 1600 m.y. In the following we model the effects of mixing on Pb-Pb regressions, which are generally applicable to multicyclic sedimentary rocks that involve source terranes of widely different ages.
Two-Component Mixing Models for Quartz Pb-Pb Isotope Data
Single detrital zircons provide the first-order constraints for the range of ages of source terranes to multicyclic sediments. However, it is impractical to use single zircons to rigorously determine the relative proportions of source terranes, which would require hundreds of analyses per sample to be statistically significant. Instead, we use the range of source ages from the zircon data as a primary constraint, and calculate the relative proportions of source terranes using the Pb-Pb isotope compositions of large bulk samples.
The 207 Pb/ 204 Pb-206 Pb/ 204 Pb regression ages calculated for quartz separates from Wisconsin and the Michigan basin fall between those of the likely end-member source ages of 2.7 and 1.1 Ga (as inferred by the detrital zircon ages). The large sample sizes we have used should be sufficient to represent the relative proportions of the different sources and the effects of multiple mixing events.
We have modeled the regression ages that are produced through two-component mixing involving 2.7 Ga and 1.1 Ga sources; the relatively minor amount of 1.8-1.4 Ga zircons in the rocks indicates that these components can be ignored in the mixing calculations. The source isochrons are assumed to have initial Pb isotope compositions on the Stacey-Kramers average crust curve (Stacey and Kramers, 1975) , and range to a maximum 206 Pb/ 204 Pb ratio of 80. Stage 1 of mixing (Table 5) involves 1000 random samplings from along each of the source isochrons, and calculation of the resulting Pb isotope compositions of the 1000 mixtures. In addition, the relative fraction of 2.7 Ga and 1.1 Ga components is allowed to randomly vary between set limits. We have allowed the concentration ratio of the two components, (Pb) 2.7Ga /(Pb) 1.1Ga, to vary from 1 to 2, accounting for the generally greater radiogenic Pb contents of the older component. In addition, Pb contents of the end members are varied as a function of the 206 Pb/ 204 Pb ratio of the randomly generated end member, matching the observed 206 Pb/ 204 Pb-ppm Pb variations measured in the quartz grains (see above); this approach realistically reflects the higher Pb contents that are measured (and expected) in the relatively nonradiogenic quartz samples.
In the stage 1 mixing calculations, which might approximate first-cycle sedimentation, an average mixture of 25% 1.1 Ga and 75% 2.7 Ga sources (obtained through random variation between 0% and 50% 1.1 Ga component) produces the 2500-2600 Ma regression age for the Wisconsin quartz arenites (Table 5A) , although the average 206 Pb/ 204 Pb ratio and spread along the mixture isochron exceeds that measured in the samples (Table 5A ; Fig. 8A) . A greater proportion of a 1.1 Ga component is required to produce the younger age of the Michigan basin sandstone, and a ca. 2200 Ma regression age may be obtained using an average mixture of 50% 1.1 Ga and 50% 2.7 Ga sources (obtained through random variations between 0% and 100% 1.1 Ga component), as shown in Table 5B and Figure  8C . The interplay between scaling of Pb contents along the source isochrons and the relative proportions derived from the respective end-member sources is shown by comparison of Figure 8 , A and C, which differ only in the relative proportion of quartz derived from 1.1 Ga and 2.7 Ga source terranes in the mixtures. If the mixture isochrons are calculated using fixed relative proportions of the sources, rather than random variation within the limits noted here, the calculated data cluster impossibly tightly and do not reflect the spread in the measured data.
The supermature quartz arenites studied here represent multicyclic sedimentation, as argued by many other workers. We can estimate the effect of multicyclic sedimentation using a second stage (stage 2 of Table 5 , A and B) of mixing, obtained by taking 100 10-point averages of the mixtures calculated in stage 1, weighted for their Pb contents. These results more closely match the measured data, and illustrate the collapse of the mixtures to a greater number of nonradiogenic isotope compositions (Fig. 8B for Wisconsin and Fig. 8D for the Michigan basin). Relative to stage 1 mixing, second-stage mixing magnifies the effect of scaling the Pb concentration as a function of the 206 Pb/ 204 Pb ratio of the source end members, and illustrates how the large number of measured nonradiogenic compositions for the quartz grain samples can be generated (cf. Fig. 6 and Fig. 8, B and D) . Regression of the first 25 compositions calculated for stage 2 mixing, to more closely match the number of measured samples in Figures 6 and 7 Notes: Mixing calculated assuming random sampling along 2.7 Ga and 1.1 Ga isochrons that are concordant with the Stacey-Kramers average crust curve (Stacey and Kramers, 1975) . Maximum 206 Pb/ 204 Pb for the endmember isochrons set at 80. Intermediate components such as 1.8-1.9 Ga Penokean crust are not used because single zircon ages indicate that these are minor components. For the fraction of 1.1 Ga component random values within the noted interval were calculated. Scaling of Pb contents follows regression of measured data: ppm Pb = 1/[20*log(206Pb/204Pb) -26.5); r 2 = 0.8. K-feldspar overgrowths assumed to contain 10 ppm Pb (e.g., Patterson and Tatsumoto, 1964), 206 Pb/ 204 Pb = 16.751, 207 Pb/ 204 Pb = 15.429 (equal to least radiogenic sample, SW11048.5B). Note: See footnote for Table 5A for details of models.
ratio measured for the Wisconsin samples, as well as in a reasonable match for the errors in slope and intercept of the mixture isochron (Table 5A ).
The petrographic observation of K-feldspar overgrowths in the Michigan basin samples leads us to a third-stage model to explain the significantly less radiogenic Pb isotope ratios of these samples; this stage involves addition of a nonradiogenic diagenetic component. The presence of such a component is supported by the leaching experiments noted here (first-stage leach), and we have modeled this effect by adding a K-feldspar component to the results of the stage 2 mixing by randomly varying the percentage of K-feldspar component between 0% and 5% by mass (Table  5B) . These calculations show how further collapse of the mixtures to nonradiogenic Pb isotope compositions can occur (Fig. 8E) . The age, average 206 Pb/ 204 Pb ratio, and errors in the regression for the Michigan basin samples are closely approximated by this model (Table 5B ). An important aspect of this model is that the initial Pb isotope compositions of the mixture isochron no longer intersects the zero point on the StaceyKramers curve (despite the fact that the 2.7 Ga and 1.1 Ga components are concordant with the Stacey-Kramers curve), because the K-feldspar component is off the Stacey-Kramers curve, as indicated by the first-stage leaches (Fig. 7) .
Michigan samples (Table 5B) Table  5B ). Regression of the 100 calculated values yields an age of 2213 ± ± 60 Ma. Maximum frequency value is 30. Table 5A) 
Sm-Nd Isotope Systematics of Quartz Grains
The general mixing proportions that are indicated by the detrital zircon U-Pb and quartz Pb-Pb data are supported by the Sm-Nd isotope data obtained on quartz grains from Wisconsin and the Michigan basin. Although the ε Nd -time evolution trends for the quartz data might suggest a dominantly ca. 1.8 Ga source, such as the Penokean orogenic rocks in Wisconsin, the near lack of ca. 1.8 Ga detrital zircons instead indicates that the Sm-Nd isotope data are best interpreted as reflecting a mixture of old (ca. 2.7 Ga) and young (ca. 1.1 Ga) sources (Fig. 9) ; variable contributions from intermediate-age components are likely variants from a simple two-component mixing model. The Sm-Nd isotope data for quartz from the Galesville Sandstone and St. Peter Sandstone in Wisconsin are similar (Fig. 9) , supporting the hypothesis that they were derived from similar sources. Assuming relatively equal Nd contents between the two source regions, the ε Nd values of the two Wisconsin samples can be produced by 70:30 mixing between 2.7 and 1.1 Ga sources, remarkably consistent with the mixing proportions suggested by the Pb-Pb isochron for the quartz grains. A dominant contribution from 2.7 Ga sources is also indicated by the detrital zircon population.
The Sm-Nd isotope data for the Michigan basin sample indicate a greater proportion of a younger component, and the comparatively high ε Nd value can be explained by ~35:65 mixing between 2.7 and 1.1 Ga sources. This proportion is also consistent with the mixing proportions estimated by the Pb-Pb isochron for the quartz grains.
PROVENANCE OF LOWER PALEOZOIC CRATONIC SANDSTONES
All of the isotope data indicate that the quartz and heavy minerals were ultimately derived from Precambrian basement terranes. The granitegreenstone terrane of the Superior Province is the ultimate source of the major 2.7 Ga detrital components, whereas the 1.1 Ga components are ultimately derived from either the proximal Keweenawan volcanic rocks that are associated with the Midcontinent rift system or from synorogenic intrusions of the Grenville Province. Derivation of significant volumes of quartz from Keweenawan rhyolites, which contain 5%-15% phenocrysts of quartz and accessory zircon, would require significant concentration in preearly Paleozoic basins, inasmuch as rhyolites represent only ~10% of the exposed Keweenawan volcanic rocks (Nicholson, 1992; Green and Fritz, 1993) ; most of the estimated 1.5 x 10 6 km 3 of volcanic rocks associated with the Midcontinent rift system are basaltic. In contrast, the Grenville Province of North America is an ~500-km-wide orogenic belt, extending from the coast of Labrador to northern Mexico, that consists of voluminous granitic plutons ranging in age from 1.0 to 1.2 Ga (e.g., Rainbird et al., 1997) , and this seems to be the most likely ultimate source for 1.1 Ga constituents in the lower Paleozoic quartz arenites in Wisconsin and Michigan.
The comparatively minor amount of Middle Proterozoic (ca. 1.4 Ga) zircons (and possibly quartz grains) in cratonic sandstones from Wisconsin were probably ultimately derived from the Wolf River batholith; generally south-directed paleocurrent indicators throughout the Paleozoic sequence (Hamblin, 1961; Potter and Pryor, 1961) are less consistent with derivation from the Middle Proterozoic eastern granite-rhyolite province to the south (Fig. 1) . The striking paucity of zircons derived from the major local basement (i.e., the ca. 1.8 Ga Penokean orogenic belt and the 2.7 to >3.2 Ga Marshfield terrane; Fig. 1 ) provides the best evidence that the detrital components have been transported a considerable distance from their ultimate basement source terrane.
Sedimentary Source Units
Proterozoic quartz-rich sandstones, which are common in the Lake Superior region ( (Table 6) includes texturally and compositionally supermature quartz arenites, which have been interpreted to have been derived from uplifted Archean granitic basement (i.e., the Superior Province) that was exposed after erosion of the Keweenawan volcanic sequence (Morey and Ojakangas, 1982; Ojakangas and Morey, 1982a) . In contrast, quartzose units (Oronto Group; Table 6 ) of the lower part of the postvolcanic Keweenawan sequence are relatively immature in terms of texture and composition, and reflect erosion of Midcontinent rift-related volcanic rocks (Ojakangas and Morey, 1982a) ; these rocks are unlikely contributors to the Galesville and St. Peter Sandstones. The 1.1 Ga component in the St. Peter Sandstone of the Michigan basin could be directly derived from Grenville basement (Fig. 10) , or from postKeweenawan quartzose sediments, such as the Jacobsville Sandstone (Table 6 ).
The immediate source for the 2.7 Ga component in the Galesville and St. Peter Sandstones remains unclear. Prevolcanic Keweenawan quartzose sandstones in Minnesota, Wisconsin, and Michigan (Table 6 ) could have contributed 2.7 Ga detrital components, on the basis of grain compositions and paleocurrent indicators (Ojakangas and Morey, 1982b) . However, the widespread Middle Proterozoic quartzites that are exposed throughout Wisconsin and southwest Minnesota, such as those belonging to the Baraboo interval of Dott (1983) (Table 6 ), cannot have contributed substantial detrital components to the Galesville and St. Peter Sandstones because the quartzites contain major 1.8 Ga Penokean components that are virtually absent from the Cambrian and Ordovician sandstones (Fig. 11 ). This conclusion is similar to that drawn by Tyler (1936) , based on the contrast in heavy mineral assemblages of the quartzites and the lower Paleozoic sandstones. Early Proterozoic quartzites (Table 6 ) that were deposited prior to the Penokean orogeny probably contain 2.7 Ga components (Grout et al., 1951; Morey 1973; Sims et al., 1981) , and it is possible that these were reworked and eventually incorporated in the lower Paleozoic sandstones. Rainbird et al. (1997) envisioned that a very large river system emanated from the Grenville orogenic highlands and delivered sediment to the northwest margin of the continent in Late Proterozoic time. Proximal and medial portions of such a river system could have deposited detrital material from the Grenville Province in Late Proterozoic basins (rift or foreland) anywhere in the midcontinent region. It is possible, therefore, that late Keweenawan quartz-rich sandstones were the direct sources for both 2.7 Ga and 1.1 Ga detrital components to the Galesville and St. Peter Sandstones (Fig. 10) .
CONCLUSIONS
Detrital zircon U-Pb ages and Sm-Nd and PbPb isotope data on quartz separates from quartz arenites of the Paleozoic northern midcontinent region demonstrate the importance of Archean and Late Proterozoic terranes as the ultimate sources for the detrital constituents. The data presented here demonstrate the small amount of detrital constituents in the Wisconsin Paleozoic quartz arenites that was derived from the local basement, including the lack of >2.7 Ga material, Penokean age rocks (ca. 1.8 Ga), or Middle Proterozoic quartzites (Baraboo-interval), which provides strong support for a multicyclic origin for the Galesville and St. Peter Sandstones. This is in contrast to the detrital components in the Middle Proterozoic quartzites, which are dominated by local basement components (Fig. 11) .
The dominant sedimentary pathways for the detrital constituents of the St. Peter Sandstone in Wisconsin are as follows.
1. There was deposition of 2.7 Ga quartz derived from the southern Superior Province into late Keweenawan (ca. 1.1 Ga) basins, which also received 1.1 Ga material, either from local Keweenawan silicic volcanic rocks, or, more likely, from Grenville rocks to the east (Fig. 10) .
2. Keweenawan quartz-rich sandstones were eroded and reworked during Cambrian time; this material was transported southward and deposited as the Galesville Sandstone in Wisconsin (Fig. 10) .
3. The Ordovician St. Peter Sandstone in Wisconsin may have been largely derived through reworking of the Cambrian Galesville Sandstone, which has a closely similar detrital zircon population, as well as Pb-Pb and Sm-Nd systematics, and heavy mineral suites. In contrast, the St. Peter Sandstone in the Michigan basin received a much greater proportion of 1.1 Ga detrital zircons and quartz from the nearby and extensive Grenville Province (Fig. 10) , as indicated by the U-Pb zircon and Pb-Pb and Sm-Nd data on quartz separates.
Mixing models for Pb-Pb isochron arrays, as well as Sm-Nd data, determined on quartz separates, indicates that the relative proportions of old and young quartz grains approximately reflects those of the single detrital zircon populations. This observation suggests that there was little relative fractionation of quartz and zircon during multiple sedimentary cycles, and hence
